branched 12 , and coiled 5 SWNT structures. All these structures are based on the insertion of non-hexagonal defects in seamless hexagonal networks. In particular, the models of the regular helical coils of CNT's are based on a very specific arrangement of pentagons and heptagons in a perfect hexagonal lattice 7, 13 . If the regular arrangement is perturbed by misplacing one single non-hexagonal ring, the structure will not be a regular coil any more 13 . The model also shows that the regular helically coiled nanotubes can be built with non-hexagonal/hexagonal ratio higher than unity 14, 15 .
tubule segment 16 . To date, a large variety of tubule morphologies have been observed and synthesized. They can be classified into the following categories: straight, waved, coiled, regularly bent, branched, and beaded.
Straight carbon nanotubes
A variety of techniques have been developed to produce CNTs. MWNTs were synthesized and observed a few decades ago 17, 18 . In 1993, Iijima et al. 19 and Bethune et al. 20 independently reported the synthesis of SWNTs. Primary synthesis methods for single-wall and multi-walled CNTs include arc discharge 4, [19] [20] [21] , laser ablation 22, 23 , gas-phase catalytic growth from carbon monoxide 24 , and chemical vapor deposition (CVD) from hydrocarbons 25 . Synthesis methods such as arc discharge, laser ablation, and certain types of CVD with floating catalysts produce nonaligned, entangled ropes of nanotubes. The diameter of a CNT is in the order of nanometers, while its length can be up to several millimeters. Long CNTs usually can remain straight when they are in oriented structures.
Vertical alignment conventionally means that CNTs are oriented perpendicular to the substrate. A variety of methods for the production of aligned arrays in catalytic CVD has been demonstrated and is reviewed 26 . There are two major breakthroughs in the synthesis of CNT arrays. In 1999, Fan et al. 27 used porous silicon substrates with a catalyst patterned by electron-beam evaporation through shadow masks to produce MWNT blocks that grew perpendicular to the substrate. Five years later, Hata et al. 28 first successfully produced millimeter high SWNT arrays using water assisted CVD (Fig. 2a-c) . It is observed that the SWNTs or double-wall CNTs easily collapse, generating stacks of parallel graphene layers, when their diameters are larger than ~5 nm (Fig. 2d) 29 .
Horizontally well-aligned CNT arrays on suitable substrates are highly desired for SWNT device applications, such as field effect transistors 30 , sensors 31 , light emitters 32 , logic circuits 33 , and other systems. The most attractive approach is direct growth 34 by CVD with an external force. The external forces can originate from an electric field 35 , the gas flow 36, 37 , or interactions with the substrate surface [38] [39] [40] [41] [42] [43] [44] .
Among them, the surface-guided growth on single crystal substrates such as sapphire 38 or quartz [39] [40] [41] provides high density and perfect 43 . A hypothesis is proposed in which the precipitated carbon shell on the outer surface of the metal catalysts guides the alignment along the crystal lattice but not the catalysts themselves. Recently, high-density arrays of horizontally aligned semiconducting SWNTs were successfully grown on ST-cut single crystal quartz substrates 48 . As shown in Figs. 2e-f, the degree of alignment and linearity in the SWNT arrays is extremely high.
Waved carbon nanotubes
A single nanotube naturally curves (in bending status) during growth if no external forces exist. In principle, the CNT bending (kinks)
can originate from a pentagon-heptagon topological defect pair as illustrated in Fig 
sheet increases, the alignment of the CNTs could be improved due to the crowding effect. Fig. 3d shows a block of MWNT array, in which nanotubes are super-aligned (Fig. 3e ). Fig. 3g-i show a special CNT array, in which more than 80% of the CNTs are not straight; they periodically bend within fixed intervals throughout their entire length. As a result of this regular bending, a wavy structure is formed. It is believed that the wavy structure is formed because there are roughly two groups of catalysts uniformly distributed on the substrate: one is more active and results in higher CNT growth rate than the other. Due to van der Walls force, which sticks nanotubes together whenever they touch, the growth rate of the array is limited by the nanotubes with the relatively slow growth rate when catalysts stay on the surface of the substrate. The nanotubes with higher growth rate are forced to bend periodically. The period of the wavy is related with the ratio of growth rates of these two groups.
When the distribution of the catalyst activity is broad but the density is high, the array will have the morphology as shown in Fig. 3f . The straight CNTs bundled while the waved CNTs switch between different bundles. Such structure is believed important for assembling CNT sheets or yarns by drawing CNTs directly from the array [51] [52] [53] .
Coiled carbon nanotubes
Coiled CNTs were predicted in the early 1990s 6, 54 . These CNTs are created when paired pentagon-heptagon atomic rings arrange themselves periodically within the hexagonal carbon network 55 . Theoretical calculation also predicted that various forms of helically coiled structures are possible and those structures are energetically and thermodynamically stable 7 . Helical structures of carbon have been observed as early as 1950s 56 . Coiled CNTs were observed experimentally in 1994 16 . Recently, a thermodynamic model 63 
Regularly bent carbon nanotubes
Regularly bent CNTs are proposed for applications including mechanical nanospring devices, high-resolution AFM tips, and nanocircuit interconnections in device. It is known that CNTs can be aligned during growth with an external force originated from an electric field 35 , the gas flow 36, 37 , or interactions with the substrate surface 38, 67 . Properly combining those external forces is a way to make regularly bent CNTs. Fig. 5a shows a zigzag shaped SWNT, which is formed due to the SWNTsubstrate lattice interaction and the gas flow 67 .
Arrays of CNTs with zigzag morphology are shown in Fig. 5b . The zigzag morphologies consist of 2-4 very sharp and alternating ~90° bends. They were grown using a dc plasma enhanced CVD process 68 .
The bending of the CNTs during growth was caused by changing the 20 μm Self assembly can form some novel structures. Fig. 5c records a small group of CNTs that bundle together, regularly bend during growth, and result in a coil like structures.
Branched carbon nanotubes
The first structural models 69, 70 for CNT Y-junctions are based on the insertion of non-hexagonal rings in the hexagonal network in the region where the three branches of the Y are joined together. All the subsequent structural models [71] [72] [73] follow the same construction principle of conserving the sp 2 hybridization of the carbon network, differing only in the kind, number, and placement of the non-hexagonal rings.
These variations make possible the constructions of various symmetric and asymmetric model junctions 74, 75 and various angles from Y to T shapes 12, 71 . Since the electrical properties of CNTs are dependent on the tube structure (chirality and diameter), various combinations of metallic and semiconducting tubes can be built to form CNT junctions as building parts for nanoscale integrated circuits 76, 77 .
Branched nanotubes with T, Y, L, and more complex junctions were initially observed in arc-discharge produced nanotubes 78 . The first synthesis was reported in 1999 by pyrolysis of acetylene in Y-shaped templates 79 . Since then, most work has focused on catalytic CVD [80] [81] [82] [83] [84] [85] [86] [87] [88] . Several processes and mechanisms were presented. A single-particle process 83, 84, 88 attributed the formation of branched CNTs to fluctuation in temperature, gas flow, or carbon source feeding, which could change the distribution of carbon atoms on the catalyst particles and alter the growth direction to form a multi-stem CNT 88 (Fig. 6a) . A splitting process 85, 86 posited that the liquid-phase metal-carbon solution encapsulated in a CNT could split into smaller particles and lead to the growth of branched CNTs. A merging process 81, 87 proposed that catalyst particles encapsulated in two neighboring CNTs could weld together to form a larger catalyst 
Carbon nanotubes with beads
CNTs with beads were observed from different processes 18, [95] [96] [97] [98] The nanotube is clearly visible inside the bead (Fig. 7b-d) . There is no evidence for graphitic layering in the bead, nor does the bead distort the nanotube.
The beaded CNTs also formed in relatively low temperature (~700 °C) CVD process 95 . Various shapes, such as spherical, cubic, other polyhedron, and bloom shaped structures, were observed ( Fig. 7e-h ). The dense packaged beads form thick-stick like structures around the CNT. It is believed that those chaplets are formed during nanotube growth and the shape of the beads is related to catalystincluded seeds 95 .
Beaded CNTs are expected as fillers in composites to enhance the electric conductivity and/or mechanical properties of the matrix materials because the beads on CNTs prevent slipping of the nanotubes in the composite materials.
Summary
CNTs have various tubule morphologies and appear in different shapes.
Each shape has its own special properties and potential applications. CNTs in different shapes will have significant impacts only when they can be produced with uniform properties in large quantities. Precise control of a CNT's morphology at specific positions by synthesis is still challenge.
Acknowledgments
This work was supported by the Air Force Research Laboratory. 
